ABSTRACT: The molecular mechanisms underlying skeletal muscle aging and associated sarcopenia have been linked to an altered oxidative status of redox-sensitive proteins. Reactive oxygen and reactive nitrogen species (ROS/RNS) generated by contracting skeletal muscle are necessary for optimal protein function, signaling, and adaptation. To investigate the redox proteome of aging gastrocnemius muscles from adult and old male mice, we developed a label-free quantitative proteomic approach that includes a differential cysteine labeling step. The approach allows simultaneous identification of up-and downregulated proteins between samples in addition to the identification and relative quantification of the reversible oxidation state of susceptible redox cysteine residues. Results from muscles of adult and old mice indicate significant changes in the content of chaperone, glucose metabolism, and cytoskeletal regulatory proteins, including Protein DJ-1, cAMP-dependent protein kinase type II, 78 kDa glucose regulated protein, and a reduction in the number of redox-responsive proteins identified in muscle of old mice. Results demonstrate skeletal muscle aging causes a reduction in redox-sensitive proteins involved in the generation of precursor metabolites and energy metabolism, indicating a loss in the flexibility of the redox energy response. Data is available via ProteomeXchange with identifier PXD001054.
■ INTRODUCTION
Skeletal muscle represents a unique and physiologically relevant model for the analysis of redox signaling during aging. Contracting skeletal muscle generates reactive oxygen and reactive nitrogen species (ROS/RNS) necessary for correct protein function, signaling, and adaptation. 1−3 Many key processes within the cell and essential regulatory proteins involved in excitation−contraction coupling require reversible redox modifications of specific cysteine (Cys) residues for their activation (or inactivation), cofactor and substrate binding, e.g., sarcoplasmic/endoplasmic reticulum Ca 2+ ATPase (SERCA) and ryanodine receptor 1 (Ryr1). 4, 5 ROS/RNS generated within skeletal muscle fibers can originate from both mitochondrial and non-mitochondrial sources. 6 Electron leakage from the mitochondrial electron transport chain accounts for a portion of the ROS produced, but it is increasingly recognized that the NAD(P)H oxidase (NOX) and nitric oxide synthase (NOS) families, due to their abundance and subcellular location in muscle fibers, play a crucial role in skeletal muscle ROS/RNS generation. 6 A number of factors may influence the concentration and species of ROS/RNS generated as a result of muscle contractions including muscle fiber type, the intensity of the exercise, and the age and fitness of the individual.
Aging muscle has an altered redox response with subsequent physiological and biochemical effects on the cytoskeleton, mitochondria, calcium signaling, and sequestration. 7−9 The species and concentrations of ROS/RNS generated as a result of contractions will have a major influence on the adaptive and therapeutic responses sought through exercise, with wide longterm effects on a host of biochemical processes within the cell. The activity of regulatory proteins situated at the cross roads of key metabolic processes are known to be modified by ROS/ RNS influencing their activity and metabolic flux within the cell or muscle fibers. 10 ROS/RNS are, in general, too reactive to have a signaling effect as a result of diffusion throughout the cell, and their reactivity suggests they will have an effect localized to their site of generation. 11 Redox-sensitive proteins including cytoskeletal proteins are attractive candidates for the propagation of the redox signal, potentially initiating a cascade of reactions on sensitive residues within those proteins. 12 It has also been demonstrated that proteins with surface thiols represent the dominant intra-mitochondrial thiols and may function as a redox buffer. 13 Reversible thiol disulfide exchange on specific Cys residues within proteins offers a rapid and flexible means to modify target proteins by altering both the structure and activity of the proteins. 14 The major reversible Cys oxidative modifications include sulfenic acid (-SOH), disulfide bond formation (-S-S-), glutathionylation (-SSG), and nitrosylation (-SNO) as well as the largely irreversible modifications sulfinic (-SO 2 H) and sulfonic (-SO 3 H) acid formation. Irreversible oxidative modifications as a result of excessive ROS/RNS can lead to insoluble protein aggregates and protein degradation, which have been reported to increase in aging and neurodegenerative diseases. 15 Identification of proteins that are reversibly modified and relative quantification of the redox state of the susceptible Cys residues within those proteins would help in our understanding of the redox processes and pathways involved in biological aging.
In the present study, we have applied a novel redox proteomic approach to gastrocnemius muscles of adult and old mice to identify and quantify the reversible redox state of specific Cys residues within individual muscle samples and to quantify relative protein abundance between samples. The redox approach includes a differential Cys labeling step by taking advantage of a chemically equivalent heavy (d5) and light (d0) isotopic form of the common thiol alkylating reagent N-ethylmaleimide (NEM). Differential labeling of reversibly oxidized and reduced Cys residues utilizing a heavy isotopic form of the same alkylating compound keeps the labeling chemistry constant, and the chemical moiety behaves identically in the mass spectrometer. Targeted analysis of the differentially labeled Cys residues within a sample was performed using the open source proteomic software Skyline, 16 whereas label-free quantification was performed with PEAKS 7 software for relative protein quantification between samples. 17 Combining the quantification of the reversible oxidation state of specific Cys residues and a complementary label-free relative quantification is an essential component of the technique, as many redox-sensitive proteins may not change in abundance but their activity can be altered significantly by alterations in the redox state of susceptible Cys residues, providing additional information on the functional proteome. We have applied this technique to gastrocnemius muscles from adult and old mice, which are known to undergo atrophy with age. 18 We also complimented the high-throughput proteomics approach with analysis of common indicators of oxidative stress, western blotting of the content of individual proteins, and, where possible, enzyme activity assays. Results indicate that there are significant differences in both the proteome and the oxidative state of redox-sensitive proteins from skeletal muscle of adult and old mice.
■ EXPERIMENTAL METHODS

Materials and Reagents
All reagents and chemicals including heavy (d5) and light (d0) isotopic forms of NEM were obtained from Sigma-Aldrich (Dorset, UK) unless otherwise stated and were of analytical grade or above. 
Journal of Proteome Research
Animals
Adult (12 months) and old (25 months) C57BL/6 male mice were purchased from Charles River and housed in the Specific Pathogen-Free (SPF) Facility at the University of Liverpool for at least 2 weeks before use. Experiments were performed in accordance with U.K. Home Office Guidelines under the U.K. Animals (Scientific Procedures) Act 1986 and received ethical approval from the University of Liverpool Animal Welfare and Ethical Review Board. Animals were sacrificed by cervical dislocation, and gastrocnemius muscles were immediately dissected. A gastrocnemius muscle from each mouse was placed immediately in thiol blocking buffer containing 25 mM d(0) NEM and 50 mM ammonium bicarbonate, pH 8, for redox proteomic analysis. The corresponding gastrocnemius muscle from each mouse was snap-frozen in liquid nitrogen and stored at −80°C until processed.
Protein Extraction for Redox Proteomics
A schematic of the redox approach is outlined in Figure 1 . Briefly, protein extracts for redox analysis from adult (n = 5) and old (n = 4) mice were prepared using a hand homogenizer in the presence of thiol blocking buffer containing d(0) NEM under anaerobic conditions. Protein lysates were cleared by centrifugation at 15 000g for 10 min at 4°C, and protein concentrations were calculated by Bradford assay (BioRad, Hertfordshire, UK) using BSA as a standard. Protein extracts for redox analysis were desalted using Zeba spin desalting columns (Thermo Scientific, Hemel, Hempstead, UK), and protein concentrations were recalculated as before. Two hundred micrograms of the desalted protein extract was diluted up to 160 μL with 25 mM ammonium bicarbonate and denatured by addition of 10 μL of 1% w/v RapiGest (Waters, Manchester, UK) in 25 mM ammonium bicarbonate and followed by incubation at 80°C for 10 min. Reversibly oxidized Cys residues were reduced by the addition of 10 μL of 100 mM TCEP and incubated at 60°C for 10 min. Cys residues that were reduced at this stage were subsequently alkylated with 10 μL of 200 mM d(5) NEM and incubated at room temperature for 30 min. Trypsin (Sigma, Poole, UK) was reconstituted in 50 mM acetic acid, and 2 μg was added to the samples followed by incubation overnight at 37°C. The digestion was terminated and RapiGest removed by acidification (3 μL of TFA and incubation at 37°C for 45 min) and centrifugation (15 000g for 15 min).
LC−MS/MS and Label-Free MS Quantification
The data-dependent label-free analysis was performed using an Ultimate 3000 RSLC nano system (Thermo Scientific) coupled to a QExactive mass spectrometer (Thermo Scientific). The sample (5 μL corresponding to 250 ng of protein) was loaded onto the trapping column (Thermo Scientific, PepMap100, C18, 75 μm × 20 mm), using partial loop injection, for 7 min at a flow rate of 4 μL/min with 0.1% (v/v) TFA. The sample was resolved on the analytical column (Easy-Spray C18 75 μm × 500 mm, 2 μm column) using a gradient of 97% A (0.1% formic acid) and 3% B (99.9% ACN and 0.1% formic acid) to 60% A and 40% B over 120 min at a flow rate of 300 nL/min. The data-dependent program used for data acquisition consisted of a 70 000 resolution full-scan MS scan (AGC set to 10 6 ions with a maximum fill time of 250 ms), and the 10 most abundant peaks were selected for MS/MS using a 17 000 resolution scan (AGC set to 5 × 10 4 ions with a maximum fill time of 250 ms) with an ion selection window of 3 m/z and a normalized collision energy of 30. To avoid repeated selection of peptides for MS/MS, the program used a 30 s dynamic exclusion window.
Raw spectra were converted to mascot generated files (mgf) using Proteome Discoverer software (Thermo Scientific). The resulting mgf files were searched against the UniProt mouse sequence database (12/ 17 Proteins were considered significantly changed between adult and old mouse protein samples using a −10 log P score of 20 (equivalent to a p value of 0.01), a fold change ≥ 1.5, and using a quality value of 0.8. Statistical analysis of protein and peptide features and the full list of the significantly changed proteins, the peptides used for identification across all samples, and analysis of MS data are included in Supporting Information files 1 and 2. PEAKS 7 software includes a post-translational modification (PTM) algorithm applying the de novo sequencing module within the software to search for a limited number of PTMs. All peptides identified during de novo sequencing are evaluated under the same −log P score and FDR validation. Supporting Information file 3 contains the list of K-acetylated proteins identified from adult and old mice with the fragmentation of K-acetylated peptide common to histone H.3.2. The mass spectrometry proteomics data has been deposited with the ProteomeXchange Consortium (http:// proteomecentral.proteomexchange.org) via the PRIDE partner repository 19 with the data set identifier PXD001054. All proteomic data has been uploaded and is publically available through the ProteomeXchange consortium
Targeted Analysis of Differentially Labeled Cys Residues
Cys-containing peptides detected with identical amino acid sequences and both d(0) and d(5) NEM modifications independently with an individual peptide ion Mascot score of >20 were considered redox peptides. Redox peptides detected from Proteome Discovery analyses of RAW files were selected for targeted analysis using m/z data and retention times with the open software Skyline. 16 Targeted analysis applying m/z, retention times, and fragmentation spectra for peptide selection allowed the calculation of the reduced/oxidized ratio (or d(0)/ d(5) NEM) of the Cys residues using the individual parent ion intensities with Skyline. The individual reduced/oxidized ratio for redox Cys peptides in each sample was used to calculate an average ratio of reduced/oxidized calculated for the specific Cys residues. Intensities of targeted peptides are included in Supporting Information file 4.
Immunoblotting and Aconitase Activity
Homogenates of muscle from adult (n = 5) and old (n = 5) mice were prepared using RIPA buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, and protease inhibitors. Equal amounts of protein (20−50 μg, depending on the protein of interest) were separated by SDS-PAGE and transferred onto nitrocellulose membranes. All membranes were stained with Ponceau S (0.2% w/v) in 5% acetic acid (v/v) to ensure equivalent protein loading and transfer. Preliminary data showed that Ponceau S staining corresponded to GAPDH protein expression (data not shown in detail); hence, relative protein abundance was analyzed densitometrically and standardized using GAPDH or Ponceau S staining. Membranes were probed using the following primary antibodies: anti-Sirt1, anticrystallin, anti-grp78, anti-GST P1, anti-GST mu, anti-Trx, antiTxnip, anti-Acon2, anti-NOS1−3, anti-Prdx3−6, anti-acetyl K, anti-GAPDH, anti-Trx, anti-Srxn, anti-Gpx1 and anti-catalase from Abcam (Cambridge, UK); anti-3NT, anti-SOD1−3, and anti-Hsp70 were from Stressgen (Exeter, UK), and anti-DNP was from Invitrogen (Thermo Scientific). Protein carbonylation was performed as previously described.
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20 HRP-conjugated antimouse and anti-rabbit antibodies were purchased from Cell Signaling Technologies (Hitchin, UK). Bands were detected using an ECL kit (Amersham International, Cardiff, UK), and band intensities were analyzed using ImageJ software 1.45b (NIH, USA). Single comparisons between the experimental age groups were performed using Student's unpaired t test, and data are presented as mean ± SEM. Data were analyzed using SPSS 18, and p-values <0.05 were considered to be statistically significant.
Aconitase enzyme activity was analyzed as previously described. 21 Briefly, activity was measured using the reduction of NADP + to NADPH by fluorescence, excitation 360 nm and emission 460 nm, over 15 min. The reaction mixture contained 50 mM Tris HCl, pH 7.5, 5 mM sodium citrate, 0.6 mM MnCl 2 , 0.2 mM NADP + , 2 units of isocitrate dehydrogenase/ mL, and 50−100 μg of protein/mL. Aconitase activity is expressed as units of NADPH produced/min/mg of protein.
■ RESULTS
Oxidative Stress Indicators in Skeletal Muscle from Adult and Old Mice
Protein extracts from gastrocnemius muscles of adult and old mice were analyzed for global indicators of oxidative stress: irreversible protein modifications including carbonylation and 3-nitrotyrosine (3-NT) formation. There was a significant increase in carbonylated proteins revealed by immunoblotting, but no increase in overall 3-NT content was detected ( Figure 2 , panels A and B, respectively). No increase was observed in the expression levels of the three nitric oxide synthase (NOS) isoforms (neuronal NOS, inducible NOS, and endothelial NOS) ( Figure 2C ).
Label-Free Proteomic Analysis of Skeletal Muscle from Adult and Old Mice
Over 500 unique proteins were confidently identified in each sample using shotgun proteomics and Proteome Discoverer software. Label-free quantification was performed using PEAKS 7 software to determine proteins that were differentially regulated between protein samples from adult and old mice with a p value < 0.01 and a minimum fold change of 1.5 between groups. Overall, 47 proteins were detected as significantly altered: 32 proteins were downregulated and 15 proteins were upregulated with age ( Figure 3A ). Proteins that showed significant differences were analyzed by the database for annotation, visualization, and integrated discovery (DAVID) 22 and String-DB for known and predicted protein−protein interactions. 23 DAVID analysis and functional annotation clustering of upregulated proteins in the samples from adult mice indicated that glucose metabolism was upregulated in adult mice compared with that in old mice (enrichment score 7.54, p value 1.2 × 10 −11 ). Similar enrichment and metabolic processes were identified from String-DB ( Figure 3C ). A number of regulatory chaperone and heat shock proteins whose expression is related to metabolic state were found to be relatively decreased in the samples from old mice, including protein DJ-1 (Park7), αB cyrstallin (Cryab), adenylate kinase (Ak1), cAMP regulatory kinase (AMPK) α (Prkara2), glutathione S-transferase P1 (Gst P1), heat shock protein beta-1 (Hspb1), and heat shock protein 90-alpha (Hsp90aa1) and -beta (Hsp90ab1). Label-free quantification indicated an upregulation of core components of the nucleosome in muscles from old mice: histones H2A, H2B, H3.3, and H4 ( Figure 3A) . Functional annotation clustering of upregulated proteins in the samples from old mice ( Figure 3C ) indicated an enrichment of methylation and histone core proteins (enrichment score 4.54, p value 2.7 × 10
−8
). In order to validate the label-free quantification approach, immunoblotting of a number of the differentially regulated proteins was performed. Figure 3B shows immunoblots and densitometry of the bands for Grp78, Gst P1, Hsp70, and Cryab. Grp78 is an endoplasmic reticulum protein and an indicator of ER stress response. 24 Immunoblotting confirmed the label-free quantification result, with a significant increase in samples from old mice. Gst P1 has been associated with detoxification of proteins and as a reductant of the 1-Cys peroxiredoxin 6. 25 Immunoblotting for Gst P1 suggested a slight increase in adult mice, but quantification of the bands indicated that the groups were not significantly different. The small heat shock protein Cryab has chaperone-like activity and has been associated with the prevention of aggregation of a number of proteins involved in the stress response. 26 Immunoblotting indicated no difference between samples from adult and old mice, but the label-free quantification showed a decreased content with age. The discrepancy between data obtained with label-free analysis and immunoblotting may be due to a number of reasons, including the use of different muscles (the contralateral muscle was used for immunoblotting), the specificity of the primary antibody, protein abundance, and the method of label-free quantification.
Acetylated Proteins in Skeletal Muscle from Adult and Old Mice
There was an increase in core nucleosome proteins known to be regulated by acetylation in protein samples from old mice: histones H2A, H2B, H3.3, and H4. This prompted us to investigate overall acetylation levels on Lys residues within the samples. A number of specific proteins showed increased acetylation levels with aging, suggesting an altered response ( Figure 4A ). Searching the PEAKS PTM finder, a number of proteins were identified as containing Lys-acetylated modification. There were specific proteins that were acetylated only in samples from old mice. Supporting Information file 3 contains a list of the proteins identified and the fragmentation spectra of Lys-acetylated peptide from histone H2.
The samples were also probed against the class III NAD + -dependent deacetylase Sirt1, one of the major regulators of the oxidative stress response that is regulated by its redox state. 27 There was a significant increase in Sirt1 protein levels in samples from old mice compared to that from adult mice (SOD2), catalase (Cat), glutathione peroxidase 1 (Gpx1), and peroxiredoxins 3 (Prdx3) and 5 (Prdx5). 28 Figure 5 presents immunoblots to quantify the protein expression of some Sirt1-regulated proteins and related regulatory enzymes involved in H 2 O 2 and superoxide detoxification including catalase, SOD1− 3, Gpx1, Prdx3 and 5. Most of the immunoblots confirm the label-free proteomic results and indicate no specific increase in many of the stress response proteins. Trx1 had a significantly higher expression according to the immunoblot, although the label-free proteomic results did not reach significance. Trx1 is involved in the catalytic cycle of the 2-cys peroxiredoxins, resulting in reversible oxidation of its catalytic site Cys residues, and can induce apoptosis. Prdx3 and Prdx6 showed increased expression in samples from old mice, but Prdx5 did not ( Figure  5 ). Sulforedoxin (Srxn), which can reduce the peroxidatic Cys within the active site of 2-cys prx's when oxidized to a sulfinic acid, showed no difference in expression between samples from adult and old mice ( Figure 5) . Similarly, thioredoxin interacting protein (Txnip), also known as vitamin D3 upregulated protein 1 (Vdup1), showed no significant changes between the muscles from adult and old mice. Txnip is associated with oxidative stress through its interaction with Trx1 and has also been shown to be associated with high glucose and catabolism of branched chain amino acids.
29,30
Redox Analysis of Skeletal Muscle Cys-Containing Proteins from Adult and Old Mice Differential labeling of reduced and reversibly oxidized Cys residues in proteins allowed a global view of the reduced and reversibly oxidized redox proteome within mouse skeletal muscle. Taking the identified peptide from the Mascot search results, the proteins identified were grouped into those with peptides containing only d(0) NEM modification (or reduced Cys residues), those proteins containing only d(5) NEM modification (or reversibly oxidized Cys residues), and those proteins that contained redox peptides, i.e., identical peptides identified independently with both d(0) and d(5) NEM modifications (redox Cys residues Figure 6A ). In the adult mice, we identified 207 Cys-containing proteins, with 130 proteins detected with reduced Cys residues only (individual proteins and the Cys peptides are included in Supporting Information file 5), 27 with oxidized Cys residues only (Supporting Information file 6), and 50 proteins containing redox Cys residues (Supporting Information file 7). In the samples from old mice, 172 proteins were detected with Cys residues, of which 119 had reduced Cys residues (Supporting Information file 8), 29 with reversibly oxidized Cys residues (Supporting Information file 9), and 24 with redox Cys residues ( Figure 6B ,C and Supporting Information file 10). It is clear even from this crude analysis that skeletal muscle aging is associated with an altered redox state. Of the 24 redox- containing proteins, 22 of these were also detected in samples from adult mice; interestingly, the 2 proteins detected only from old muscle samples with redox peptides were cytoskeletal regulatory proteins cofilin-2 (Cys80) and α-actinin 3 (Cys868). Proteins that were identified as containing redox-sensitive Cys residues in adult samples only, included many proteins involved in glucose metabolism ( Figure 6D ) such as phosphofructokinase, glucose 6-phosphate isomerase, glycogen phosphorylase, phophoglycerate mutase 1, and phosphoglucomutase 2 ( Table 1) . Many of these proteins require Cys residues for their activity, and this suggests muscle from adult mice has greater flexibility in the metabolic redox response. Peptidyl-prolyl isomerase A (Ppia), heat shock cognate 71 (Hspa8), and Parkinson disease 7 (Park7) were detected as containing redox Cys residues only in samples from adult mice, although the expression levels of Ppia (1.96:1.00, −log(P) = 23.34) and Park7 (2.31:1.00, −log(P) = 32.32) were also higher in the samples from adult animals. Park7 has previously been reported in vivo and in vitro to be a target of Snitrosylation that can regulate its activity, 31 and our results indicate Cys53 as being redox-sensitive (Table 1) and Cys106 and Cys121 in the reduced state. The retention time and fragmentation spectra of these peptides were employed to perform a targeted LC−MS analysis to calculate the ratio of the reversible oxidation state of the individual Cys peptides and provide an indication of the redox-sensitive Cys residues within those proteins. Table 1 lists the proteins and includes relative protein abundance and significance value between muscles from adult and old mice, the redox Cys residues within those proteins, and the average ratio intensity d(0)/d(5) NEM modified peptides (ratio of reduced/reversibly oxidized Cys residues). It should be noted that since this method uses the intensity of the parent ion for an indication of the redox state of individual Cys residues, the analysis of peptides containing two a The table includes label-free quantification of the protein from PEAKS 7 analysis and the redox ratio of individual Cys residues within those proteins. The redox state of selected redox Cys residues labeled with both d(0) NEM and d(5) NEM was calculated using the ratio of the average ion intensity of parent ions. The m/z values and retention times of selected peptides were applied in the targeted approach using Skyline open software. Proteins highlighted in bold have a significant change in abundance between muscle samples from adult and old mice, and * indicates a tryptic peptide containing two cysteine residues. Cys residues where there is potential oxidation of either or both residues makes the analysis more complicated. Previously, we demonstrated with selective MS/MS ion monitoring (SMIM) of a peptide containing two Cys residues from alcohol dehydrogenase treated in vitro with H 2 O 2 that it could exist in, potentially, 12 different oxidation states. 32 In these examples, it is necessary to examine individually the MS/MS results to identify the redox-sensitive Cys. Of the 46 proteins, we selected two well-characterized redox proteins, aconitase 33 and fructose bisphosphate aldolase A, 34 for further analysis.
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Redox Proteomic Analysis of Aconitase in Skeletal Muscle from Adult and Old Mice
The enzymatic activity of the redox-sensitive and Fe−S cluster protein aconitase is often used as an indicator of superoxide generation within the mitochondria and general mitochondrial health. Analysis of the redox proteomic results suggests that the protein exists in an altered redox state with the four Cys residues contained within three tryptic peptides that coordinate iron detected in altered reversible oxidation states between samples ( Figure 7D ). The activity of the enzyme is significantly downregulated in aging ( Figure 7C ) even though protein levels are unchanged ( Figure 7A,B) , indicating that the redox status of the Cys residues coordinating iron significantly affects the activity of the protein.
Redox Regulation of Fructose Bisphosphate Aldolase
Fructose bisphosphate aldolase A (Aldoa), a redox-sensitive protein, has been previously identified as being glutathionylated and nitrosylated, resulting in partial and reversible inactivation of the enzyme. 34 Binding of fructose bisphosphate or redox modifications of Cys residues can cause conformational changes in the protein, affecting activity. 34 In our proteomic screen, we detected six redox Cys residues within the protein, and we observed a trend for the protein to be downregulated in samples from old mice. The published structure of Aldoa is a tetramer, and Figure 8A indicates the structure and the positioning of the Cys residues within the tetramer. Our redox screen suggests that aging results in the increased reversible oxidation of, predominantly, Cys202 positioned close to the active site ( Figure 8B,C) , whereas examination of the structure indicates Cys73−Cys339 and Cys135−Cys178 could potentially form disulfide bonds ( Figure 8B ). ■ DISCUSSION Cysteine residues demonstrate an extreme diversity in their pattern of conservation: highly conserved in functional and catalytic positions but poorly conserved otherwise. 35 As Cys can occupy a number of oxidation states, it is highly adapted to the dynamic nature of the proteome, allowing the cell to respond rapidly to environmental, biochemical, and pathological conditions through reversible oxidative modification of key residues. There has been a lot of interest in implementing techniques that (i) allow the identification of redox susceptible Cys residues within proteins and (ii) can quantify the redox state of individual Cys residues. 36, 37 A number of redox proteomic studies have quantified the reduced and reversibly oxidized state of individual Cys residues within a protein sample, but these rely on purifying and identifying the Cyscontaining peptides, and information on overall protein abundance is lost. 32,38−40 In the present study, we have utilized the light and heavy isotopic form of a common laboratory reagent NEM to differentially and irreversibly label the reduced and reversibly oxidized forms of the Cys residues. The overall protein abundance can be relatively quantified between samples from the intensity of tryptic peptides unique to the particular protein. This technique adds an extra dimension to the proteomic experiment, allowing identification of not only the proteins that are up/downregulated but also to identify and quantify the redox state of specific sensitive Cys residues within those proteins. As this technique generates information on both overall protein abundance and individual Cys reversible oxidation state, the major disadvantage in comparison to techniques that purify modified Cys peptides is a loss in sensitivity for the detection of low-abundance proteins. Also, techniques that employ iTRAQ or, similarly, TMT (tandem mass tags) can analyze a number of samples simultaneously, reducing any LC−MS/MS run variability. 41 Skeletal muscle consumes a large portion of the ATP within the body and requires a certain level of ROS/RNS for optimal contractions and the adaptive response to exercise. Muscle fibers can be broadly divided into slow twitch or type I and fast or type II fibers. Type I fibers predominantly generate ATP as a result of oxidative phosphorylation, whereas type II fibers produce energy by a mixture of glycolytic/oxidative metabolism, which could have important consequences for the species and concentration of ROS/RNS generated by the fiber type and subsequently the redox proteome. Skeletal muscle is unique in that there are a number of ROS/RNS generating systems within the muscle fibers, including NOX and NOS enzymes, 42 whose activity needs to be tightly regulated for optimal muscle function. 6 Global indicators of oxidative stress demonstrate an increase in irreversible protein modifications as revealed by carbonylation but not excessive oxidative damage in samples from old mice and a similar expression of the NOS enzymes in adult and old muscle samples. Label-free proteomic analysis indicated an increased expression of glycolytic and chaperone/heat shock proteins in muscle from adult mice compared to that from old mice, whereas aging induced a higher expression of a number of core histones. We confirmed the altered expression of a number of proteins by immunoblotting and proteins that were acetylated on Lys residues. The class III NAD + -dependent deacetylase Sirt1 is responsible for the regulation of transcription of a number of key histone but also non-histone targets including transcription factors and essential proteins involved in the antioxidant response, e.g., p53, FOXO1/3, peroxisome proliferator activated receptor gamma coactivator (PGC-1α), and nuclear factor (NF)-κB. 43 These transcription factors control the expression of a large number of antioxidant proteins that are thought to play a key role in the aging process. Sirt1 expression has been linked with the fasted state in caloric restriction, which is associated with activation of AMPK to generate ATP and helps control cellular energy homeostasis. 44 We found an increased expression of Sirt1 from old mice and an increase in only Prdx3 of the FOXO3-regulated proteins 28 ( Figure 5 ). The reduced expression of the α-catalytic subunit of AMPK (Prkar2a) seen in the label-free proteomic analysis in addition to the lack of alteration in the expression of most of the H 2 O 2 and superoxide metabolizing antioxidant enzymes support a chronic activation of Sirt1 in aged skeletal muscle. There was also a reduction in adenylate kinase (Ak1), a key regulator of cellular ATP levels catalyzing the interconversion between 2ADP ↔ ATP + AMP, influencing AMP signaling and also AMP dependent AMPK activation. AMPK activation has also been reported to be Trx-dependent 45 and to lead to the phosphorylation and degradation of Txnip. 46 Txnip can bind to and inhibit the action of thioredoxin, but it is also thought to play a role in energy homeostasis, controlling glucose uptake and maintenance of specific mitochondrial dehydrogenases required for fuel switching such as during diauxic shift. 30 Moreover, protein DJ-1 or Park7, the Parkinson's associated protein, was found to be downregulated with age. This protein has been widely associated with neurodegenerative disorders and is considered to be a multifunctional protein associated with the mitochondrial autophagic and oxidant stress response. 47 This family of proteins has also been recently associated with diauxic shift in yeast 48 and may point to a crucial role of the protein within cancer cells and metabolic reprogramming in skeletal muscle. Cellular energy signaling is controlled by the balance of cell regulators, some of which have opposing effects, including AMPK and mammalian target of rapamycin (mTOR). Thus, the label-free quantitative proteomics experiments undertaken in the present study indicate that aging results in major changes in the glycolytic metabolic enzymes and also in the regulatory enzymes controlling energy homeostasis within skeletal muscle.
The redox proteomic approach undertaken allowed the identification and relative quantification of the oxidation state of specific Cys residues within redox-sensitive proteins and also included the label-free quantification of individual proteins. It is clear from the redox results muscle samples from old mice have a reduced redox flexibility compared to the muscle samples from adult mice (Figure 6 ), but interestingly, two redox proteins were detected only in old mice: cofilin-2 and actinin-3. The reversible oxidation status of Cys residues on nonmuscular cofilin has been linked to a pro-apoptotic signal and is essential for its regulatory effect on actin polymerization and depolymerization. 49 Cofilin-2, the isoform present in striated muscle, expression levels did not change between samples from adult and old mice (1.11:1.00), but Cys80 of cofilin-2 was detected as a redox residue in samples from old mice only. Actinin-3 is an F-actin binding proteins that is exclusively expressed in fast twitch muscle fibers and has been linked with muscle mass and glycogen utilization. 50 This protein is thought to sense tension during muscle contractions and link it with the signaling effect possibly through an interaction with calcineurin; 50 in this study, actinin-3 levels were trending higher in old mice (0.34:1.00, −log(P) = 18.14), and it was detected with a redox-regulated Cys868 residue in samples from old mice only. Both of these proteins were detected as redox-dependent proteins only in samples from old mice, suggesting a dysregulation of the cytoskeletal regulatory proteins in old muscle.
For the targeted analysis of redox peptides, stringent criteria was applied for the selection of the redox peptides. The technique has identified and quantified redox-sensitive Cys residues in 91 tryptic peptides from 46 proteins, enriched for proteins involved in the generation of precursor metabolites and energy. The advantage of the technique developed in this study is highlighted by the detailed examination of aconitase. Aconitase, an essential protein of the mitochondrial TCA cycle, has another cytosolic function as an iron regulatory protein 1 (Irp1) to bind and stabilize ferritin mRNA. Label-free and immunoblotting results demonstrate that aconitase abundance does not change with aging but its activity is dramatically reduced in muscle from old mice. We identified the three tryptic peptides that contain the four Cys residues that coordinate the iron atom necessary for activity, and the redox analysis indicates that muscle from old mice had an increase in the proportion of these residues in the reduced state, which would affect the activity of the protein. In a standard quantitative proteomic approach, this information would be lost, and, similarly, if only Cys-containing peptides were analyzed, then we would detect changes in the oxidative state of the proteins without information on the overall protein abundance. This highlights the major advantage of the current approach over a traditional quantitative proteomics, which does not give information on the functional proteome. Cross-talk between post-translational modifications has been clearly defined in the oxidative regulation of kinases and phosphatases. 51 In this study, we analyzed the reversible oxidation of Cys residues, but one of the remaining challenges is the integration of numerous PTMs and their effects on protein activity in the functional proteome.
■ CONCLUSIONS ROS/RNS generated by skeletal muscle are involved in a coordinated local response tightly controlled at all levels from generation to detoxification. Our results indicate that during aging mouse muscle shows a decreased expression of many glucose metabolic enzymes and essential chaperone proteins, whereas there is an increased expression of ER stress response proteins and histones. The redox analyses of skeletal muscle from adult and old mice clearly demonstrates a decrease in redox-responsive proteins in aged skeletal muscle and implies a reduced flexibility in the redox proteome response. The longterm physiological consequences of impaired redox signaling and chronic activation of key proteins in aged skeletal muscle will potentially be particularly important in the metabolic response to altered ROS/RNS generation in muscle fibers during exercise.
There are a number of metabolic and muscle disorders that are associated with aberrant redox regulation. 52, 53 Dysregulated ROS homeostasis or signaling responses have been reported in a variety of human skeletal muscular dystrophies, 53 cancers, 54 neurodegeneration, 15 obesity, 55 and, increasingly, metabolic disease such as diabetes. 56 The redox proteomic approach developed in the present study could be readily applied to these disorders to identify metabolic pathways that are affected. This technique provides meaningful information regarding the overall proteome and both the sensitivity and oxidation states of individual cysteine residues. muscle containing reversibly oxidized Cys residues only. File 7 (.xlsx): Proteins detected from adult mouse skeletal muscle containing redox sensitive Cys residues. File 8 (.xlsx): Proteins detected in skeletal muscle from old mice containing reduced Cys residues only. File 9 (.xlsx): Proteins detected from old mouse skeletal muscle containing reversibly oxidized Cys residues only. File 10 (.xlsx): Proteins detected from old mouse skeletal muscle containing redox sensitive Cys residues. This material is available free of charge via the Internet at http:// pubs.acs.org.
